To investigate the vital function(s) of the phosphoinositol-containing sphingolipids of Saccharomyces cerevisiae, we measured their intracellular distribution and found these lipids to be highly localized in the plasma membrane. Sphingolipids were assayed in organelles which had been uniformly labeled with [3H]inositol or 32P and by chemical measurements of alkali-stable lipid P, of long chain bases, and of very long chain fatty acids. We have developed an improved method for the preparation of plasma membranes which is based on the procedure of Duran et al. (Proc. Natl. Acad. Sci. USA 72:3952-3955, 1975). On the basis of marker enzyme and DNA assays carried out with a number of preparations, the plasma membranes contained less than 10% vacuolar membranes (a-mannosidase) and nuclei (DNA); the contamination by the endoplasmic reticulum (NADPH-cytochrome c reductase) varied from 0 to 20%. The plasma membrane preparations showed a 13-fold increase in the specific activity of vanadate-sensitive ATPase, compared with that in the homogenate, with a yield ranging from 50 to 80%. A comparison of the distribution of the ATPase with that of sphingolipids assayed by a variety of methods showed that 80 to 100% of the sphingolipids are localized in the plasma membrane; the sphingolipids constitute about 30% of the total phospholipid content of the plasma membrane. Minor amounts of sphingolipids that were found in isolated mitochondria and nuclei can be attributed to the presence of small amounts of plasma membrane in these fractions. These results suggest that one or more essential functions of these lipids is in the plasma membrane. Furthermore, sphingolipids may be useful chemical markers of the plasma membrane of S. cerevisiae.
To investigate the vital function(s) of the phosphoinositol-containing sphingolipids of Saccharomyces cerevisiae, we measured their intracellular distribution and found these lipids to be highly localized in the plasma membrane. Sphingolipids were assayed in organelles which had been uniformly labeled with [3H]inositol or 32P and by chemical measurements of alkali-stable lipid P, of long chain bases, and of very long chain fatty acids. We have developed an improved method for the preparation of plasma membranes which is based on the procedure of Duran et al. (Proc. Natl. Acad. Sci. USA 72: [3952] [3953] [3954] [3955] 1975 ). On the basis of marker enzyme and DNA assays carried out with a number of preparations, the plasma membranes contained less than 10% vacuolar membranes (a-mannosidase) and nuclei (DNA); the contamination by the endoplasmic reticulum (NADPH-cytochrome c reductase) varied from 0 to 20%. The plasma membrane preparations showed a 13-fold increase in the specific activity of vanadate-sensitive ATPase, compared with that in the homogenate, with a yield ranging from 50 to 80%. A comparison of the distribution of the ATPase with that of sphingolipids assayed by a variety of methods showed that 80 to 100% of the sphingolipids are localized in the plasma membrane; the sphingolipids constitute about 30% of the total phospholipid content of the plasma membrane. Minor amounts of sphingolipids that were found in isolated mitochondria and nuclei can be attributed to the presence of small amounts of plasma membrane in these fractions. These results suggest that one or more essential functions of these lipids is in the plasma membrane. Furthermore, sphingolipids may be useful chemical markers of the plasma membrane of S. cerevisiae.
Sphingolipids are ubiquitous eukaryotic membrane constituents. Their study began with their discovery in the human brain by Thudichum (48) and is currently focused on their possible role as mediators of membrane signal transduction (12, (14) (15) (16) . We have chosen to study the role of sphingolipids in Saccharomyces cerevisiae, an organism in which molecular genetic techniques can be exploited and which is useful for studies of phospholipid biosynthesis and regulation (6) and of membrane biogenesis, including the intracellular transport and trafficking of lipids and membrane proteins (9, 38) .
The fact that hundreds of sphingolipids have been chemically characterized in animals (13) to some extent complicates the task of assigning specific roles to individual sphingolipids. S. cerevisiae has the advantage of containing only three major sphingolipids: inositol-P-ceramide (IPC), mannose-inositol-P-ceramide (MIPC), and mannose(inositol-P)2-ceramide [M(IP)2C]. The ceramide is composed of the long chain base phytosphingosine which is N-acylated with an hydroxy C26 fatty acid (44, 46) . These lipids represent approximately 40% of the total inositol-containing lipids in S. cerevisiae. The clearest evidence for an essential role for sphingolipids was the isolation of the first sphingolipiddefective mutant described for any organism: a strain of S. cerevisiae with an obligate requirement for a sphingolipid long chain base, such as phytosphingosine, for growth (51) and viability. This mutant lacks serine palmitoyltransferase (33) , the first enzyme in sphingolipid long chain base synthe-S1S.
Here we have studied the subcellular distribution of yeast sphingolipids in order to help elucidate their role in the cell. We (41) .
Preparation of plasma membranes. The method is outlined in Fig. 1 (47) and stored at -80°C.
Enzyme and protein assays. Published procedures were used to assay cytochrome c oxidase (27) , vanadate-sensitive ATPase (21), a-mannosidase (55) , NADPH-cytochrome c reductase (37) , and chitin synthetase (20) . Protein concentrations were assayed by the method of Lowry et al. (25) or by the bicinchoninic acid method (43) (22) . DNA estimation was performed by the method of Abraham et al. (1) , except that amyl acetate was not added to extract the colored product of the diphenylamine-deoxypentose sugar reaction. To 2 ml of perchloric acid-hydrolyzed DNA was added 2 ml of 4% diphenylamine in glacial acetic acid, which was followed by mixing with 0.1 ml of aqueous acetaldehyde (1.6 mg/ml). Calf thymus DNA standards (1 to 25 ,ug/ml) in 1 M perchloric acid were treated with diphenylamine and acetaldehyde as described above. Samples and standards were then incubated for 1 h at 56°C, and the A595 was measured.
Sphingolipid analysis. Cells were grown in culture media supplemented with [3H]inositol (0.2 to 0.8 ,uCi/ml) or H332P04 (0.8 to 1.2 ,uCi/ml) to label sphingolipids. The cells were fractionated as described above, and the membrane suspensions were extracted with 1.4 times their volume in ethanol-diethyl ether-pyridine (15:5:1) containing 100 plI of concentrated NH40H per 100 ml. The lipid extract was subjected to mild alkaline methanolysis, separated from nonlipids to produce a sphingolipid fraction (3), and resolved by high-pressure liquid chromatography (HPLC) (51) . In some cases sphingolipids were assayed by measuring the alkali-stable lipid P content; samples were extracted, deacylated, and separated from nonlipids as described above, and the sphingolipid fraction was assayed for lipid P (3).
Long chain base analysis. A lipid extract of membranes (0.5 to 3 mg of protein) prepared as described above was dried under nitrogen and hydrolyzed in methanolic HCl, and the long chain bases converted to UV-absorbing biphenyl-carbonyl derivatives were resolved by HPLC as previously described (10, 19) .
Fatty acid analysis. Membranes (0.5 to 3 mg of protein) were extracted as for long chain base analysis, the extracts were dried under nitrogen and saponified, and the fatty acids were converted to UV-absorbing phenacyl derivatives (54) , which were resolved by using reverse-phase HPLC as described previously (10) .
Sterol analysis. Total lipids were extracted from membranes as described previously (24) . Five (24) . The dried lipid extracts of plasma membrane and other membrane samples corresponding to 3 and 11 mg of membrane protein, respectively, were resuspended in 2 ml of CH3OH-toluene (1:1). After treatment for 1 h at room temperature with 2 ml of 0.2 N KOH in CH30H, 0.4 ml of 1 N acetic acid and 4 ml (each) of CHCl3 and H20 were added. The samples were mixed thoroughly and briefly centrifuged to separate the phases, and the upper phases containing the glycerophosphoryl esters derived from the deacylated lipids were removed and dried under N2. Anion-exchange chromatography of the glycerophosphoryl esters was carried out with an ammonium formate-borate gradient, as described in reference 24, which was followed by Cerenkov counting. Determination of the effect of spheroplasting enzymes on sphingolipids. To test the possibility that both the Zymolyase and lyticase preparations used in the present study could cause sphingolipid degradation, the following experiments were carried out. An alkali-stable sphingolipid fraction was prepared (51) from [3H]inositol-labeled cells and from the lyticase-derived spheroplasts. An amount of each sample equivalent to about 1 absorbance unit was chromatographed on EDTA-treated SG-81 paper developed with CHCl3-CH30H-4.2 N NH40H (9:7:2, vol/vol) in order to separate the sphingolipids (45) . Each lane was cut into 1-cm pieces, and the radioactivity was measured by scintillation counting.
To test the effect of Zymolyase on sphingolipids, purified, radiolabeled lipids were incubated with Zymolyase at concentrations of approximately 10 U/nmol of sphingolipid (a much higher concentration than would occur during normal spheroplasting conditions). After 2 h, the solutions were directly spotted onto EDTA-treated SG-81 paper and chromatographed and counted as described for the lyticase experiments.
RESULTS Plasma membrane isolation. The method described here for plasma membrane preparation is outlined in Fig. 1, and while it is based on the procedure of Duran et al. (11) , it differs in a few important respects. Lyticase, prepared in this laboratory, was used instead of Glusulase for the preparation of spheroplasts. It was found that both Glusulase and a commercial sample of lyticase (Zymolyase 100T) formed spheroplasts that were both less complete (more cell wall remaining) and more unstable than those which could be formed using lyticase prepared in this laboratory. This was an important finding, since stable, completely spheroplasted cells resulted in stable ConA-coated spheroplasts which could subsequently be lysed in a controlled manner. Premature lysis yielded aggregates of cellular debris which contaminated the final plasma membrane preparation. The procedure for the formation of ConA-coated spheroplasts was also altered in that the spheroplasts were suspended at a lower concentration in a modified buffer and the ConA reagent was more dilute and was added in a dropwise manner, resulting in a far more uniform coating of the spheroplasts with little or no visible flocculation (unlike the previously described method). Finally, of the several procedures employed for the homogenization of the ConA-coated spheroplasts (e.g., mild sonic treatment, Potter-Elvehjem), the best was the use of a colloid mill, which forced the spheroplasts through a reproducibly restricted gap between the rotor and stator; these conditions not only disrupted the spheroplasts but gave a dispersion of the plasma membrane ghosts free of other cellular contaminants, which remained attached with alternate methods of homogenization. This homogenization procedure allows the subsequent isolation VOL. 173, 1991 of plasma membranes of high yield and purity by low-speed centrifugation followed by low-speed washes. Evaluation of the purit of the isolated plasma membrane fraction. Purity of the plasma membrane fraction was evaluated by measuring various enzymes and DNA as markers for contaminating organelles. It is clear from Table 1 that -50 to 80% yields of the plasma membrane were obtained, as determined on the basis of the recovery of the vanadatesensitive ATPase, a plasma membrane marker. On average, approximately 90% of the ATPase activity found in the plasma membrane fractions was vanadate sensitive. Generally, these preparations contained less than 10% of the (Table 1) showed that the specific activity of the ATPase was enriched 13.2-fold over that of the homogenate. While the specific activity of the NADPH-cytochrome c reductase and the DNA content were also slightly enriched over those of the homogenate, the overall plasma membrane contamination determined by these organelle markers was quite low.
Measurement of sphingolipid components in isolated plasma membranes. Several parameters which are diagnostic for sphingolipids were measured and compared with the recovery of vanadate-sensitive ATPase in plasma membranes. We measured the total amount of sphingolipid long chain bases present in the lipid extract that could be liberated by acid hydrolysis; as shown earlier these were C18 and C20 phytosphingosines (44) . Also measured in the lipid extract were very long chain fatty acids, primarily C26, characteristic of yeast sphingolipids (44) . Results from a typical preparation are summarized in as alkali-stable P (all six preparations) and as long chain bases and very long chain fatty acids (two preparations).
Lines are drawn to indicate where points would fall if 100, 90, or 80% of the homogenate sphingolipids were localized in the plasma membrane. As can be seen, the majority of points lie within the 80 to 100% range. There are a few points which lie above the 100% line, which is, of course, theoretically impossible, since it would mean that more than 100% of the sphingolipids were found in the plasma membrane. Those points, along with the 80 to 100% variance, are more likely attributable to the error inherent in the ATPase assay than to the sphingolipid measurements, which have been more reliable in our experience. Thus, within the error limits of the various measurements, we can conclude that 90% or more of the yeast sphingolipid is localized in the plasma membrane. Direct measurements of the sphingolipid content of other isolated organelles, i.e., mitochondria and nuclei, are consistent with this conclusion. Composition of isolated mitochondria. The mitochondrial preparation was obtained from cells cultured either with [3H]inositol to label the sphingolipids or with [3H]mannose, which should label plasma membrane glycoproteins. Because of the high levels of ATPase in the mitochondria, it was difficult to measure the vanadate-sensitive plasma membrane ATPase that might be present as a contaminant. As shown in Table 3 , the mitochondrial fraction contains 87% of the sedimentable cytochrome c oxidase and 21.7% of the sedimentable total membrane protein. A small contamination with other organelles is indicated by the presence of 13% of the sedimentable mannose and 1.6% of the putative (23, 35) plasma membrane marker chitin synthase. The 7.4% of the total sphingolipids found in the mitochondrial preparation could thus be accounted for by contamination with plasma membranes.
Composition of isolated nuclei. The isolated nuclei and other sedimentable membranes were assayed for protein, marker enzymes, DNA, and alkali-stable lipid P corresponding to sphingolipids. As shown in Table 4 , the nuclear preparation obtained in about a 54% yield, as judged by DNA recovery, was contaminated with 13.4% of the plasma membrane and 33.3% of the endoplasmic reticulum, as judged by vanadate-sensitive ATPase and NADPH-cytochrome c reductase assays, respectively. The sphingolipid P found in this fraction, 11.9% of the total, could thus be accounted for by contamination with plasma membranes.
Phospholipid composition of the plasma membrane fraction. Table 2 (experiment II) gives the phospholipid composition of the plasma membrane fraction obtained for one prepara- Notably, 48% of the homogenate cardiolipin is found in the plasma membrane fraction, suggesting that this lipid may not be totally confined to the mitochondrial compartment. Although this number may be somewhat high because of contamination with other organelles, none of these preparations has ever had contamination of such a magnitude as to account for the entire 48% found here. Because these cells were grown on glucose in order to assay for the vanadatesensitive ATPase without interference from the mitochondrial ATPase, we were unable to assay for mitochondrial membrane enzymes. However, regarding other membrane markers for this particular preparation, there was approximately 29% of the homogenate endoplasmic reticulum marker NADPH-cytochrome c reductase and there was 10% of the vacuolar ot-mannosidase activity of the homogenate. Thus, the contamination with other organelles cannot fully account for the cardiolipin observed and a significant percentage of the cellular cardiolipin may be found in the plasma membrane. Analysis of long chain bases in high-speed supernatant. To confirm the fact that all sphingolipids are membrane bound and remain so during the course of plasma membrane isolation, the high-speed supernatant was analyzed for the presence of long chain bases. Less than 1% of the total cellular long chain bases was detected, indicating that sphingolipids are not present in the soluble fraction of the cell. Effect of spheroplasting enzymes on yeast sphingolipids.
The cell wall-digesting preparation Glusulase used by others to prepare yeast spheroplasts (11) 
DISCUSSION
Our work shows that the sphingolipids of S. cerevisiae are highly localized in the plasma membrane. This result is based on an improved method for plasma membrane preparation, on the comparable enrichment of sphingolipids and the plasma membrane ATPase, and on the quantitative evaluation of its level of contamination with other organelles. In preparations yielding 50 to 80% of the plasma membrane vanadate-sensitive ATPase, the mean contamination with vacuolar membrane a-mannosidase was 6.3% and with DNA was 4.2%. The most significant contamination appeared to be that of the endoplasmic reticulum, as judged by a highly variable contamination with NADPH-cytochrome c reductase (mean recovery, 16.2%). The assumption that NADPH-cytochrome c reductase is an endoplasmic reticulum marker in S. cerevisiae is based on studies by Schatz and Klima (37) . In contrast, Serrano (42) found that most of the reductase was associated with particles containing mitochondrial cytochrome c oxidase and therefore judged it not to be a good microsomal marker. In addition, we found a large portion (-40%) of the activity to be soluble, as did Serrano (42) . Thus, the quantitative significance of the contamination with NADPH-cytochrome c reductase is not easily interpretable. Nevertheless, the distribution of the reductase does not parallel that of sphingolipids since the nuclear preparation (Table 4) , which had 33.3% of the NADPH-cytochrome c reductase activity, contained only 11.9% of the sphingolipids. Likewise, it is clear from both the nuclear and mitochondrial data that sphingolipids are not enriched in either of those organelles. In fact, the amounts of sphingolipid present in the nuclei and mitochondria are in close correspondence with the amount of contamination present from the plasma membrane markers vanadate-sensitive ATPase and sedimentable [3H]mannose. Given all the uncertainties of marker assays, it is clear that sphingolipids are highly localized in the plasma membrane fraction and that their presence therein cannot be accounted for by contaminating organelles. The level of sphingolipids found, 30% of the plasma membrane phospholipids, might be overestimated given the existence of glycerophospholipases in S. cerevisiae (for references, see Witt et al. [53] ).
Nurminen et al. (28) have described cell envelope fractions containing fragments of the cell wall and the plasma membrane of S. cerevisiae in which sphingolipids were found (50) . No quantitative data was provided to permit conclusions about the overall subcellular distribution or content of sphingolipids.
Three main strategies have been employed by others to isolate plasma membranes from S. cerevisiae; however, of the many procedures described, few address the issues of yield, enrichment, and purity, making it difficult to compare those works to our own. The first method involves mechanical disruption of the cells, which is then followed by differential or density gradient centrifugation (23, 31, 42, 52) .
To disrupt the cell wall, relatively harsh mechanical treatments are required; this can result in breakage of organelles and extensive cross-contamination of membrane fractions. Although this approach may be useful, no one has yet documented a preparation of high yield, enrichment, and purity. Because 
